Abstract. Niche requirements and habitat resource partitioning by conspecific fishes of different sizes are significant knowledge gaps in the species distribution modelling domain. Management actions and operations are typically concentrated on static habitats, or specific areas of interest, without considering movement patterns of species associated with ontogenetic shifts in habitat usage. Generalized additive models were used to model the bodylength-habitat relationships of six fish species. These models were used to identify subsets of environmental parameters that drive and explain the continuous length-habitat relationships for each of the study species, which vary in their degree of ecological and/or commercial importance. Continuous predictive maps of the length distributions for each of the six study species across approximately 200 km 2 of the study area were created from these models. The spatial patterns in habitat partitioning by individuals of different body lengths for all six study species provide strong evidence for ontogenetic shifts. This highlights the importance of considering ontogenetic processes for marine spatial management. Importantly, predictive hotspot maps were created that identify potential areas that accumulate individuals of similar life stages of multiple species (e.g., multispecies nursery areas). In circumstances where limited resources are available for monitoring and management of fish resources, predictive modelling is a valuable tool for studying previously overlooked processes such as ontogenetic habitat shifts. Predictive modelling provides crucial information that elucidates spatial patterns in community composition across mosaics of benthic habitats. This novel technique can contribute to the spatial management of coastal fish and fisheries by identifying areas that are important for different life history stages of multiple fish species.
INTRODUCTION
The biogeographic distribution, assemblage composition, and abundance of marine organisms are known to be tightly associated with habitat type and its complexity and variability (Halpern et al. 2005, Kingsford and Carlson 2010) . The habitat is defined as an arrangement of environmental conditions that influences responses in the presence, abundance, growth, and other important life-history traits of an organism (i.e., environmental niche; Hutchinson 1957 , Martinez-Meyer et al. 2013 . Habitat associations can vary among species and also within life history stages of the same species (Jones 1984a , Compton et al. 2012 . Species that are habitat specialists are inherently more susceptible to change in habitat quality and cover as a result of climate change or other anthropogenic stressors, such as sedimentation and eutrophication (Munday 2004) . This is particularly relevant for species that are dependent on a specific habitat for juvenile recruitment (Jones et al. 2004 ). For example, when canopy forming macroalgal fields and coral reefs co-occur, macroalgal fields can serve as recruitment and juvenile habitats for fish taxa that are typically associated with coral reefs as adults (Evans et al. 2014) .
Many fishes utilize a mosaic of habitats on a daily basis (Bostr€ om et al. 2011 ) and only few are confined to a single juvenile habitat (Nagelkerken 2007) . Daily animal movements in search for food or shelter spatially connect a mosaic of adjoining habitats . Connectivity between habitat patches could be also facilitated by ontogeny because of changing resource requirements over time (Kimirei et al. 2013) . For any given species, as an individual grows its morphology and Manuscript received 2 May 2016; revised 9 February 2017; accepted 10 April 2017. Corresponding Editor: Eric J. Ward.
6 E-mail: ronen.galaiduk@curtin.edu.au behavior change, as does its prey size and type (Lukoschek and McCormick 2001, Kimirei et al. 2013) . This often requires a change in habitat to meet energy and resource needs (Huijbers et al. 2015) . These continuous changes in environmental niche requirements with ontogeny and patterns of population connectivity are a crucial link for understanding the processes that underpin community composition across a mosaic of adjoining benthic habitats (Compton et al. 2012 . Improving our understanding of size-specific environmental niche partitioning among conspecifics and mapping the key areas of the seascape that are important for multiple species can be of particular interest for an effective spatial management of species. Marine spatial management benefits from an understanding of species-habitat relationships such that the design and placement of spatial area closures can be optimized (e.g., Possingham et al. 2000) . However, large scale spatial sampling for monitoring and assessment is often limited to a few locations because of resource constraints (Costa et al. 2014) . Being able to reliably predict ecological information across broader geographical areas is thus important, relevant and instructive (Schmiing et al. 2013) . To this end, species distribution models are a powerful tool, as they combine observations of species occurrence or abundance with environmental and/or spatial variables. Species distribution models are widely used in terrestrial, freshwater and marine environments to support spatial planning arrangements Leathwick 2009, Moore et al. 2009 ). Furthermore, the results of predictive modelling can be readily illustrated in GIS and areas of specific interest for spatial management identified for individual or multiple species (Schmiing et al. 2013 , Costa et al. 2014 .
Generalized additive models (GAMs) are particularly suitable for predicting complex, often non-linear responses of marine species to environmental predictors (Leathwick et al. 2006) . They have become commonly applied method for modelling fish-habitat relationships. Therefore, they are a natural choice to examine the size-specific shifts in habitat use or partitioning of habitat resources among conspecifics. This topic has received little attention in species distribution modelling (but see Lauria et al. 2011 , Martin et al. 2012 for examples using Generalized linear models GLMs). Utilizing body length as the continuous response variable in models, can provide a more realistic representation of ecological patterns than binning into size classes (Austin 2007) . Models of size specific habitat associations can help to identify key areas of the seascape that are crucial for different life-history stages of a single species or for multiple species (e.g., nursery areas). Mapping, followed by management or protection of such areas, may result in higher survival of vulnerable life stages (Dugan and Davis 1993) , and by preserving seascape connectivity patterns between nursery areas and adult populations it is possible to enhance the abundance of target and other fish species that rely on healthy ecosystem functioning (Olds et al. 2014 ).
This study sets out to improve our understanding of the spatial ecology of the modelled species by identifying environmental parameters that best determine ontogenetic environmental niche partitioning among conspecific individuals. The body length measurements of individual fishes will be modelled utilizing GAMs in order to produce predictive maps of the continuous spatial distributions of conspecifics across the study area. In addition, we will create predictive hotspot maps as single GIS layers to identify critical areas for different life-history stages of multiple species. Using these maps we aim to synthesize complex spatial distribution patterns of multiple species with varying life history characteristics into a simple resource for effective spatial management. This novel approach of modelling continuous body length of individual fishes in combination with the flexibility of GAMs is likely to improve the ecological realism of predictive modelling and the appeal of quantitative spatial ecology to marine resource managers.
MATERIALS AND METHODS

Study area
The Houtman Abrolhos Islands are four clusters of islands (consisting of a total of 122 islands) approximately 60 km offshore of the central-west coast of Western Australia. The islands run parallel to the mainland in a north-south orientation and span~100 km. They exhibit a high species diversity of fishes with 184 species recorded, belonging to 42 genera derived from both tropical and temperate origins (IMCRA 1998) . The warm, southward flowing Leeuwin Current supports the southernmost coral reefs in the Indian Ocean, giving this location a unique blend of temperate, tropical and Western Australian endemic fish species (Hutchins 2001 , Watson et al. 2009 ). This biodiversity rich area is influenced by environmental changes (Bornt et al. 2015) including a recent marine heat wave (Pearce and Feng 2013) . We surveyed the fish assemblage composition and developed detailed habitat maps in two areas that are open to fishing. Area 1 to the north of the Pelsaert Island group and Area 2 to the east of the Easter group (Fig. 1) .
Fish data collection and study species selection
Baited remote underwater stereo-video systems (stereo-BRUVs) were used to survey fish assemblages in the study area between the 15 and 19 May 2007. Design, calibration, and use of the stereo-BRUVs are presented in detail in Shortis (1995, 1998) and Harvey et al. (2013) . To ensure that sampling replication was appropriate, sampling was spatially stratified according to the size of the study location and depth. In addition, sampling was randomly assigned and distance controls used to avoid spatial autocorrelation between samples (see Radford et al. 2008 for further details on site selection criteria). A total of 195 video recordings were analyzed using the software EventMeasure Stereo (SeaGIS Pty Ltd, Victoria, Australia). The species chosen for modelling were among the most commonly recorded in the study area and characterized by contrasting life histories, or were commercially important ( Table 1 ). The fork length of each fish was measured with precision constraints set to a 10% cut off, which is achievable using stereo-BRUVs Shortis 1995, Harvey et al. 2002) .
Habitat mapping
Approximately 200 km 2 of the seafloor in the study area between depths of 10 and 40 m was hydroacoustically surveyed using a Reson 8101 Multibeam (Fugro Pty Ltd, Perth, Australia) between 15 and 23 November 2006. In addition, underwater towed video footage was collected over more than 100 linear km between the 3 and 8 March 2007. The hydroacoustic surveys provided bathymetric information and a coarse distinction between various substrate textures, whereas the towed video imagery provided "ground truthing" for the multibeam and allowed for fine scale habitat definition. The hydroacoustic maps and observations recorded from towed videos were combined in a statistical modelling framework using Classification and Regression Trees to predict the probabilities of occurrence of substrate and biota in areas with no observations (see Radford et al. 2008 for detailed methods). For both sites, all identified benthic classes were mapped, including sediment texture and relief, reef structures, different types of vegetation and sessile invertebrates, providing a total of 21 variables (Table 2 ). All probabilities of occurrence for benthic habitat and biota from the modelling were then predicted on a 2.5 m grid in ArcGIS (ESRI, Redlands, CA, USA) using GDA94 datum MGA zone 50 equal area projections, allowing future querying and intersecting with the fish sampling data.
Preliminary data exploration
In order to achieve a continuous distribution of the response variable fish length for each species, fork length measurements from both sites were analyzed together. All exploratory and statistical analyses were performed using the packages lattice, mgcv, gamclass, and raster in R software (version 3.2.0; R Core Team 2014). The initial data exploration followed procedures outlined in Zuur et al. (2007 Zuur et al. ( , 2010 , examining potential outliers, homogeneity and co-linearity of covariates for individual fish species sequentially. For each species-specific data subset, the explanatory variables with Spearman's rank correlation >0.7 and/or explanatory variables with a high percentage of zeroes (>90%), were excluded from further analyses of the specific subset (Moore et al. 2011) .
Model fitting, cross-validation, and final variable selection
The final subset of environmental variables was fit into a GAM for each species with a gamma error distribution with log link function Tibshirani 1990, Wood 2006) . The predicted habitat data has probabilities of occurrence ranging from 0 to 1, as such, all explanatory variables were modelled with smoothers (knots) limited to k = 3. The number of knots determines the smoothness of the curve; the fewer knots used, the more smooth the curve (Wood 2006 , Sagarese et al. 2014 ). In addition, each model formula included a gamma = 1.4 loading to place a heavier penalty on each effective degree of freedom to counteract overfitting without compromising the model fit (Zuur et al. 2009, Drexler and Ainsworth 2013) .
The smoothing was performed automatically with cubic regression splines and a combination of shrinkage and double penalty approaches during the model fitting process (Marra and Wood 2011) . Shrinkage procedures are continuous processes, carrying out variable selection in one single step in such a way that smooth terms making no contribution to the model can be penalized away completely, and are considered to be a valid method for a variable selection in terms of both stability and prediction (Wood 2006 , Hesterberg et al. 2008 . Hypothesis testing was used for final variable selection. Where the hypothesis testing indicated non influential variables (approximate P > 0.05) they were removed from the analysis and the model was refitted (Marra and Wood 2011) . When smoothers exhibit a linear behavior, terms for these variables were fitted in a parametric manner. Response curves were visually inspected for ecological realism (Sagarese et al. 2014) . Finally, we repeated fivefold cross validation 50 times and then calculated normalized root mean square error (normalized RMSE) to examine the magnitude of the predictive errors of all generated submodels (Potts and Elith 2006, Costa et al. 2014) .
To verify an absence of residual patterns, model residuals were plotted against each predictor variable included in the final model and excluded during variable selection procedures. Spatial independence was evaluated by plotting the model residuals against the spatial coordinates. Possible influential observations, outliers, homogeneity and normality of model residuals were investigated graphically following Zuur et al. (2010) .
Spatial prediction of species' size distributions
Once the final models were validated, the constrained size distributions of individual fish species were predicted on 2.5-m grids using R and these predictions were plotted in ArcMap 10.2 (ESRI, CA, USA). In addition, to identify "hotspots" for multiple species, the continuous predictive rasters were reclassified into two size categories: juveniles/small individuals and adults/large individuals according to the known ontogeny of individual species. For Lethrinus genivittatus, Chrysophrys auratus, and Pentapodus vitta, the reclassification was based on an individual's length at maturity (Table 1) . The ontogenetic shift for Coris auricularis is known to occur at approximately 200 mm total body length when juvenile females change sex (Lek et al. 2012) , which provided the basis for raster reclassification in this study. When biological data on size distributions were not available from the literature (Parupeneus chrysopleuron, Torquigener vicinus), the size categories were assigned arbitrarily based on the observed size frequency distributions. For example, individuals with body length belonging to a first quartile were assigned into the juvenile/small size category, whereas individuals with body length belonging to a fourth quartile were assigned into adult/large category. The reclassified values were plotted again to illustrate potential multi-species "hotspot" areas, where environmental niche conditions were suitable for juvenile/small or adult/large individuals of the modelled species. For example, a hotspot would have a maximum score of 6, corresponding to the six modelled fish species that could potentially associate with that particular area.
RESULTS
Species specific models and variable selection
Significant linear and nonlinear relationships for individual length distributions were observed for all six study species. The majority of the significant explanatory variables in the final models were associated with the physical descriptors of habitat complexity (i.e., local relief and/or slope) with some significant biotic variables (i.e., probability of occurrence of mixed undifferentiated vegetation, sessile invertebrates, and reef; Table 3 ). The deviance explained by the final models ranged from 13.6% to 54.6% (Table 3 ). The initial set of 21 explanatory variables was typically reduced to between two and five significant variables. The residual plots confirmed homogeneity, normality, and independence for all six focal species. For only one species, Chrysophrys auratus, slight spatial clustering of positive residuals indicated that the GAM model over-predicted the length distributions for this species. This can be attributed to the relatively small sample size (65 observations) and the large range in the observed sizes (145-809 mm) for this species. The normalized difference between the predicted and observed size values (normalized RMSE) for all models varied between 13.5% and 23.1% (Table 3) .
Higher error values were associated with lower explained deviance, suggesting poor model fits for Torquigener vicinus and Coris auricularis. The presence of reef and vegetation and the habitat structural complexity (reef, veget, and rng25, respectively) were the most common variables chosen by the fitted models across all modelled species (Table 3) . The large individuals of Lethrinus genivittatus and Chrysophrys auratus were predicted to be positively associated with the presence of reef and vegetation and high structural complexity (Fig. 2) . In addition, high structural complexity and presence of vegetation were positively associated with large individuals of Pentapodus vitta and presence of reef was positively associated with large individuals of Torquigener vicinus (Fig. 2) . In contrast, small individuals of Coris auricularis were predicted to be associated with presence of reef and vegetation and small individuals of Parupeneus chrysopleuron were predicted to be associated with high structural complexity of habitat. Large individuals of both species were associated with open areas of low structural complexity (Fig. 2) . Bathymetry was an additional environmental variable that appeared in models for three species. The smaller individuals of Pentapodus vitta, Chrysophrys auratus, and Parupeneus chrysopleuron were predicted to be associated primarily with shallow water (Table 3 and Fig. 2) .
Spatial predictions
While a degree of mixing between large and small size individuals was apparent for all six species, the spatial predictions of the habitat associations from the GAM models consistently showed spatial separation between large and small size individuals (Fig. 3) . The small size individuals of Lethrinus genivittatus were predicted to be found in the structurally complex near reef areas throughout most of study Area 1 and were particularly concentrated in the northeast and southeast corners of Area 1 and in the western part of study Area 2 (Fig. 3a,  b) . Large individuals of this species were mostly predicted to be associated with exposed near reef areas covered with vegetation in the central and southwest parts of Area 1 and throughout most of Area 2 (Fig. 3a, b) .
Small size Coris auricularis were predicted at near reef areas with a low cover of sessile invertebrates and a high probability of vegetative cover in the northwestern, southern, and central part of Area 1 and also in the central part of Area 2. In contrast, the larger individuals of this species were predicted to be associated with areas of low vegetative cover and medium reef complexity Pentapodus vitta Length~s(eastness) + s(northness) + s(profile)
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Notes: Initial models are in lightface type. Final models are in boldface type. All explanatory variables were fitted with smooths (knots) k = 3. When the smoothing symbol ("s") does not appear in the final model, that term was fit as parametric function. Summary of the environmental predictors is provided in the Table 2. throughout Area 2 and the northeast and southeast parts of Area 1 (Fig. 3c, d) .
Water depth was important for Parupeneus chrysopleuron with medium to small size individuals of this species predicted to be scattered over reef slopes at intermediate water depths in the northwest, southeast, and central parts of Area 1 and in the western part of Area 2. The larger size individuals of this species were predicted to be found throughout both study areas in deep water habitats characterized by low structural complexity (Fig. 3e, f) .
The exposed east facing reef areas throughout the central part of Area 2 and in a few distinctive patches in the central and north-western parts of Area 1 were FIG. 2. Smoother estimates (s, solid line) for the environmental predictors as obtained by generalized additive models for individuals of various body lengths of the six study fish species. The approximate 95% confidence envelopes are indicated (gray shading), marks along the x-axis are sampled data points. All explanatory variables were fitted with model smooths (knots) k = 3. Summary of the environmental predictors is provided in Table 2. FIG. 3. Predictive maps of habitat associations on a continuous size scale of individuals of the six study species as obtained by generalized additive models predicted on a 2.5-m grid. Positions of species-specific observations from the individual baited remote underwater stereo-video systems (stereo-BRUVs) surveys are marked by green circles.
predicted to be suitable for large sized individuals of Torquigener vicinus. In contrast, the small sized individuals of this species were predicted to be found throughout most of Area 1 and on protected flat patches in the west and east parts of Area 2 (Fig. 3g, h) .
The larger sized individuals of Chrysophrys auratus were predicted to be associated with west-facing deep reef slopes covered by dense vegetation throughout most of Area 2 and the northern and western parts of Area 1. In contrast, smaller sized individuals of this species were predicted to be scattered throughout shallow, bare, east facing reef flats in the central part of Area 2 and in the central-south part of Area 1 (Fig. 3i, j) .
Both study areas were predicted to be highly suitable for small to medium size individuals of Pentapodus vitta. Protected reef flats at intermediate depths in the northwest, central and south of Area 1 and the western and eastern sides of Area 2 were predicted to be particularly suitable for small size individuals of this species. The large size individuals of this species were mostly predicted to be associated with deep high complexity reef slopes covered by vegetation throughout the central and eastern parts of Area 2 (Fig. 3k, l) .
Cumulative predicted fish distribution maps of the six study species combined identified hotspots of environmental niche conditions suitable for species aggregations of juvenile fish and adult fish in the study region. The spatial distribution of hotspots for adults and juveniles showed opposing patterns (Fig 4) . Environmental niche conditions suitable for juvenile fish were predicted in the south-eastern part of Area 1 and in the many shallow pockets scattered throughout the area. In Area 2 conditions suitable for juveniles were predicted around the shallow reef edges in the western part of the study area (Fig. 4a, b) . In contrast, hotspots for species aggregations of adult fish were predicted in deeper, less structurally complex regions around the center and north of study Area 1. In Area 2 environmental niche conditions suitable for adult fish were predicted in the eastern and the western regions of the area (Fig. 4c, d ).
DISCUSSION
Methodological approach
This case study successfully combined highly precise continuous fish length data obtained using stereoBRUVs with modelled habitat maps derived from ground-truthed data to produce predictive maps of ontogenetic environmental niche associations of six abundant fish species with varying degrees of ecological and commercial importance. When examined next to each other, FIG. 3. Continued. these maps highlight habitat partitioning with body length for all study species. These maps graphically represent ontogenetic shifts in habitat use.
We acknowledge that it is desirable to connect between patterns of fish abundance and the modelled environmental niche associations with size. However, currently two stage analysis using GAMs with gamma error distribution is not possible. We aware of only one statistical package that is currently under development that will potentially be able to incorporate two stage hurdle GAMs for modelling species abundance and continuous body length (see Yee [2015] for details about the package). Such an analysis would be a useful and logical extension of our work.
Habitat distribution of studied species
Fitting GAMs is a flexible modelling approach suitable for demersal fishes (Valavanis et al. 2008) . The individual models fitted varied in their explanatory and predictive performance. The lowest deviance explained and the highest predictive errors were observed for models of size distributions fitted to Coris auricularis and Torquigener vicinus. The most plausible explanation for this poor model performance is related to the biological characteristics of these species, where mixed schools contain both juveniles and adults. This has been documented for Coris auricularis, where various size females of this species come together under male-dominated harems or set up cleaning stations to remove skin parasites from other fish (Lek et al. 2012 , Saunders et al. 2013 .
High structural complexity provided by the reefs and canopy forming seaweeds were found to be among the most common environmental variables that drove the patterns in size distributions of the modelled species. These habitats are known to drive the distribution of fish species due to their influence on many demographic and community processes, for example, by providing different sized shelters (Wilson et al. 2007 , Nash et al. 2013 , food sources (Lim et al. 2016) , and nesting spaces (Azevedo et al. 1999) to individuals with varying degrees of habitat specialization (Munday 2004) . These processes could explain the close associations of large individuals of four of the modelled species with deep reef habitats. Juvenile survivorship on deep reefs is typically lower than in shallow near shore areas (Kimirei et al. 2013) , a situation that is likely to favor higher abundance of larger individuals. In contrast, small individuals of Coris auricularis and Parupeneus chrysopleuron were predicted to be associated with reefs and macroalgal FIG. 4 . Hotspots map for cumulative environmental niche suitability for (a, b) juvenile/small and (c, d) adult/large individuals of the six study species. Fish size classes for the rasters were assigned based on known ontogeny of the study species. There is apparent habitat partitioning between fishes of different life history stages/body lengths, suggesting ontogenetic shifts in habitat use for all six species.
habitats. Reef and macroalgal habitats support high density and diversity of fish assemblages (Bellwood et al. 2003 , Mellin et al. 2007 , are important recruitment areas (Jones 1984b) or juvenile habitats (Evans et al. 2014 , Grol et al. 2014 ) and contribute to adult population patterns ).
Applicability of findings to spatial management
Understanding spatial population dynamics of marine animals is a vital step for successful spatial management. Collection of field data is often limited due to restricted resources for monitoring, and fish populations are often patchily distributed in space and time (e.g., Williams 2001, Travers et al. 2012) . Therefore, predictive spatial modelling is a powerful tool because it allows data extrapolation into unsampled areas.
Mapping key areas such as fish nurseries or hotspots for multiple species aggregations can identify environmental niche requirements and resource partitioning between fish at different life stages. The geographic distribution and productivity of nursery areas are important drivers for the spatial distribution patterns of adult populations, where areas close to nurseries replenish more isolated areas ). In addition, well-established global biodiversity patterns are changing rapidly in response to human activities such as ocean warming (Sala and Knowlton 2006) . To effectively address such issues, managers require advanced tools to identify geographic areas that have a high intrinsic management value. Our method for identifying hotspot areas demonstrates a useful decision support tool for spatially identifying benthic areas that are important for numerous species and/or for different life stages of multiple species (e.g., fish nurseries). Following in situ evaluation of the predicted hotspots, the hotspot maps can identify entire areas that may not require future in-depth surveys, thus optimizing limited management resources. Hotspot areas could be considered in zoning schemes and become priority areas for marine spatial monitoring and management (Schmiing et al. 2013 ). In addition, future re-zoning efforts should consider including hotspot areas. In conclusion, robust size-based predictive ecological modelling can further improve our knowledge of the spatial habitat use of demersal fishes at various life history stages. In turn this knowledge will contribute to marine spatial management efforts for rapid assessment and development of mitigation strategies for declining ecosystem condition.
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